Laser-induced magnetization precession in individual magnetoelastic
  domains of a multiferroic CoFeB/BaTiO$_3$ composite by Shelukhin, L. A. et al.
Laser-induced magnetization precession
in individual magnetoelastic domains
of a multiferroic CoFeB/BaTiO3 composite
L. A. Shelukhin,1, ∗ N. A. Pertsev,1 A. V. Scherbakov,1, 2 D. L. Kazenwadel,3
D. A. Kirilenko,1 S. J. Ha¨ma¨la¨inen,4 S. van Dijken,4 and A. M. Kalashnikova1
1Ioffe Institute, 194021 St. Petersburg, Russia
2Experimental Physics II, Technical University Dortmund, D-44227 Dortmund, Germany
3University of Konstanz, D-78457 Konstanz, Germany
4NanoSpin, Department of Applied Physics, Aalto University School of Science, P.O. Box 15100, FI-00076 Aalto, Finland
(Dated: July 15, 2020)
Using a magneto-optical pump-probe technique with micrometer spatial resolution we show
that magnetization precession can be launched in individual magnetic domains imprinted in a
Co40Fe40B20 (CoFeB) layer by elastic coupling to ferroelectric domains in a BaTiO3 substrate.
The dependence of the precession parameters on external magnetic field strength and orientation
reveal that by laser-induced ultrafast partial quenching of the magnetoelastic coupling parameter of
CoFeB by ∼27 % along with 10 % ultrafast demagnetization trigger the magnetization precession.
The relation between the laser-induced reduction of the magnetoelastic coupling and the demag-
netization is approximated by the n(n + 1)/2-law with n ≈ 2. This correspondence confirms the
thermal origin of the laser-induced anisotropy change. Based on the analysis and modeling of the
excited precession we find signatures of laser-induced precessional switching, which occurs when the
magnetic field is applied along the hard magnetization axis and its value is close to the effective
magnetoelastic anisotropy field. The precession excitation process in an individual magnetoelastic
domain is found to be unaffected by neighboring domains. This makes laser-induced changes of
magnetoelastic anisotropy a promising tool for driving magnetization dynamics and switching in
composite multiferroics with spatial selectivity.
I. INTRODUCTION
Magnetoelectric multiferroics offer a possibility to con-
trol magnetization by an electric field [1–3], which is in
high demand for beyond CMOS technologies [4] including
sensors, energy harvesters, memories and logic devices
[5]. However, the number of single-phase multiferroics is
limited [6], with many of the materials exhibiting multi-
ferroic properties below room temperature or providing
insufficient coupling between the order parameters. On
the other hand, composite structures consisting of ferro-
magnetic (FM) and ferroelectric (FE) materials coupled
via strain represent a promising alternative for achieving
indirect magnetoelectric coupling at room temperature
of sufficient strength for future applications [5, 7–10].
In strain-coupled composite multiferroics, the mag-
netic anisotropy of the FM component is altered by a
combination of interfacial strain transfer from the FE
one and inverse magnetostriction. For properly selected
FM and FE materials, heterostructure geometries, and
optimized interfaces, strong magnetization responses to
external electric fields can be obtained. In particular, full
imprinting of ferroelastic domain patterns from FE sub-
strates into FM overlayers with in-plane and perpendic-
ular magnetizations and their subsequent manipulation
by electric fields have been demonstrated experimentally
[11–17]. FM-FE composites enable electric-field-induced
magnetization switching leading to changes in magne-
toresistance [18–22], electrical tuning of ferromagnetic
resonance and spin-wave spectra [23–26], active filter-
ing and routing of propagating spin waves [27, 28], and
electrical switching between superconducting and normal
states [29].
Control over the order parameters of composite mul-
tiferroic structures by femtosecond laser pulses would
widen their application perspectives and elevate their
switching speed. There are several pathways along which
an ultrafast optical stimulus may alter the state of a com-
posite multiferroic. One relies on ultrafast direct optical
control of magnetization [30] and, via FM-FE coupling,
of ferroelectric polarization [31, 32]. Alternatively, ultra-
fast optically-driven changes of the FE state could lead to
high-amplitude dynamical strain modulations [33] and,
thus, alter the magnetization state of a magnetostrictive
layer. However, ultrafast optical control of FE polariza-
tion remains challenging [34]. Optically-induced strain
as a tool to modify the magnetic anisotropy in FM-
photostrictive composites is considered in [35], but results
reported thus far do not extend to ultrafast timescales.
In this Article, we examine an alternative approach
to ultrafast optical control of a composite multifer-
roic, and study the feasibility of ultrafast laser-induced
changes of strain-mediated magnetoelectric coupling in
a CoFeB/BaTiO3 heterostructure. Using a femtosecond
magneto-optical pump-probe technique with micrometer
spatial resolution, we excite magnetization precession in
individual magnetic domains imprinted in the amorphous
CoFeB layer by mechanical coupling to ferroelastic do-
mains in BaTiO3. We reveal that the precession is trig-
gered by an abrupt decrease of the CoFeB magnetoelas-
tic coupling parameter and magnetization by about 27 %
and 10 %, respectively, for an incident laser pulse fluence
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2of 10 mJ/cm2. This ratio satisfies the n(n + 1)/2-law
with n ≈ 2 that describes the temperature-induced vari-
ations of a single-ion uniaxial magnetic anisotropy, con-
firming the thermal origin of the observed changes. When
the magnetic field is applied along the hard anisotropy
axis and is comparable to the effective magnetoelastic
anisotropy field, we find signatures of precessional switch-
ing of magnetization. The switching manifests itself in
the suppression of the detected pump-probe signal.
The Article is organized as follows. In Sec. II we de-
scribe the studied CoFeB/BaTiO3 heterostructure and
the experimental procedures. In Sec. III we present ex-
perimental results on laser-induced magnetization pre-
cession in individual domains of CoFeB/BaTiO3. In
Sec. IV we present an analysis of the laser-induced pre-
cession based on a thermodynamic approach and the
Landau-Lisfitz-Gilbert equation. This is followed by
the Conclusions Section wherein we also outline possi-
ble applications of laser-induced control of magnetoelas-
tic anisotropy in spintronics.
II. EXPERIMENTAL
A. CoFeB/BaTiO3 heterostructure
The heterostructure under study consists of a 50-nm-
thick layer of a FM CoFeB amorphous alloy on a 500 µm-
thick single-crystalline BaTiO3 (001) substrate. The
CoFeB layer was grown on BaTiO3 by magnetron sput-
tering at Tg = 573 K and capped with a 6-nm-thick Au
layer. The amorphous nature of the CoFeB film was ver-
ified by transmission electron microscopy. Figure 1 (c,d)
shows TEM images of the CoFeB/BaTiO3 heterostruc-
ture. Cross-section TEM specimen were prepared by
mechanical polishing and subsequent Ar+ ion milling at
3 keV. A Jeol JEM-2100F microscope operated at 200 kV
was used to acquire images in conventional bright-field
and high-resolution modes. TEM images indicate that
the CoFeB film is amorphous with a short-range order
corresponding to a lengthscale of ∼1 nm.
At room temperature (RT), the BaTiO3 substrate
is split into 90° ferroelectric-ferroelastic stripe domains
with in-plane spontaneous polarization aligned along the
long side of the tetragonal unit cell [12]. Owing to the
strain transfer from BaTiO3 to CoFeB and inverse mag-
netostriction, an uniaxial magnetoelastic anisotropy is lo-
cally induced in the CoFeB film. Since the magnetostric-
tion parameter λ of CoFeB is positive, the magnetic
anisotropy easy axes are oriented parallel to the polariza-
tions of the underlying FE domains [12, 14] [Fig. 1 (a)].
The strain-induced magnetoelastic anisotropy dominates
over other anisotropy contributions and, consequently,
the stripe domains in CoFeB and BaTiO3 fully correlate.
The magnetoelastic domain pattern in CoFeB was im-
aged by magneto-optical Kerr microscopy (see [12] for
details). As can be seen from the image in Fig. 1 (b), the
two types of domains have different widths. The width of
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FIG. 1. (Color online) (a) Schematics of the CoFeB/BaTiO3
structure and the pump-probe experiment. Arrows in rect-
angles and double-headed arrows indicate the spontaneous
polarization in the ferroelastic domains of BaTiO3 and the
strain-induced magnetic anisotropy axes of the a1 and a2 do-
mains in the CoFeB layer, respectively. (b) Magneto-optical
image of the sample obtained using the longitudinal Kerr mi-
croscopy. (c) Bright-field and (d) high-resolution TEM images
of the CoFeB/BaTiO3 heterostructure.
the wider domain varies around 12 µm, while the width
of the narrow domain is about 3 µm. The two domain
types are labeled a1 and a2 [see Fig. 1 (a)].
B. Magneto-optical pump-probe setup
Laser-induced magnetization dynamics in the distinct
magnetic domains of the CoFeB/BaTiO3 composite was
studied using a femtosecond two-color magneto-optical
pump-probe setup. In the experiments, the pump and
probe pulse duration was 170 fs, the central wavelengths
of the pump and probe pulses were 515 nm and 1030 nm,
the pump pulse fluence was 10 mJ/cm2, and the probe
pulse fluence was ∼10 times lower. Both pump and probe
pulses were focused on the CoFeB layer into a spot with
a diameter below 5 µm using a 15x reflective microscope
objective. The laboratory frame was chosen such that
the x, y, and z axes are directed along the easy axes
of the a2, a1 domains and the sample normal, respec-
tively [Fig. 1 (a)]. An external DC magnetic field Hext of
strength 0–120 mT was applied in the sample plane at an
angle ϕ to the x axis. Measurements of the laser-induced
magnetization dynamics at ϕ = 0,±45° in the a1 and a2
domains were performed by displacing the sample later-
ally with 0.05 µm precision. The pump-induced changes
of magnetization were traced by recording the magneto-
3optical Kerr rotation ∆θ of the probe polarization plane
as a function of time delay ∆t between the pump and
probe pulses. The incidence angle of the probe pulses
was ζ = 17°, and the measured Kerr rotation ∆θ(∆t)
was proportional mostly to the pump-induced changes
of the out-of-plane component Mz of magnetization. All
measurements were performed at RT.
Additional static magneto-optical characterization and
pump-probe studies of laser-induced demagnetization
were performed with larger laser spots. Since the easy
magnetization axes lie in the sample plane, the static
magneto-optical and the ultrafast demagnetization mea-
surements were conducted in the longitudinal magneto-
optical Kerr effect (MOKE) geometry with a probe in-
cidence angle ζ = 45°. The pump was incident along
the sample normal. Long-focal distance lenses were used
to focus pump and probe pulses on the sample surface
into spots with diameters of 60 µm and 30µm, respec-
tively. Since the spot sizes in these experiments exceed
the widths of both the a1 and a2 domains, the exter-
nal magnetic field Hext = 150 mT was applied along
the a1 anisotropy easy axis to fully saturate the mag-
netization of the sample into a single-domain state. In
this case, the MOKE signal is proportional to the sat-
uration magnetization MS . The incident probe pulses
were p-polarized to maximize the longitudinal MOKE
response. Static MOKE measurements without pump
pulses reveal a static Kerr rotation θLS = 2.5 mdeg and
a Kerr ellipticity S = 20 mdeg in saturation. To
study ultrafast demagnetization, laser-induced dynamics
of the probe ellipticity ∆(∆t) ∼ ∆MS(∆t) was mea-
sured upon excitation of the sample by pump pulses
with a fluence F = 10 mJ/cm2. The degree of ultra-
fast demagnetization was calculated as ∆MS/MS(∆t) =
0.5[∆(∆t,+Hext)−∆(∆t,−Hext)]/S .
The longitudinal Kerr rotation θLS and Kerr elliptic-
ity S were also used to estimate the polar Kerr rotation
θPS ≈ 15 mdeg corresponding to magnetization saturation
along the perpendicular direction (see App. A for details).
θPS was used to normalize the dynamical Kerr rotation
θ(∆t) obtained in the pump-probe experiments and to
obtain the magnitude of the laser-induced change of mag-
netization along the z−axis ∆Mz(∆t)/Ms = ∆θ(∆t)/θPS .
We note that the estimated value of θPS contains an un-
certainty [see App. A].
III. RESULTS
Figure 2 (a) shows the laser-induced probe polariza-
tion rotation ∆θ(∆t) measured for different positions
x of laser spots on the sample surface. We note that
translation along the x−axis corresponds to a transla-
tion by x
√
2/2 along the direction normal to the do-
main wall. The external magnetic field Hext is paral-
lel (perpendicular) to the easy axis of the a2 (a1) do-
main (ϕ = 0). At Hext = 30 mT one clearly distin-
guishes two types of dynamic signal ∆θ(∆t) depending
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FIG. 2. (Color online) (a, c, d) Laser-induced Kerr rotation
∆θ of the probe pulse polarization as a function of time de-
lay ∆t measured in a1 (red symbols) or a2 (blue symbols)
domains. The external magnetic field Hext is applied at (a)
ϕ = 0, (c) ϕ = −45°, and (d) ϕ = 45°. In (c,d) the sig-
nals measured at positive (upper curves) and negative (lower
curves) Hext are shown. Lines are fits to the measurement
data (see text). (b) Ultrafast demagnetization measured at
Hext = 150 mT.
on x. At x = 0 and 25 µm clear oscillations of ∆θ are
observed, while at x = 15 and 40µm only a slowly vary-
ing change of ∆θ is seen. Detailed studies of ∆θ(∆t)
at x = 0 for different magnetic field strengths reveal that
the oscillatory signal is present only in the range of 0–
45 mT. The amplitude and the frequency of the oscil-
lations as a function of the applied magnetic field were
obtained by fitting the signal at x = 0 to the function
∆θ(∆t) = ∆θ0 exp(−t/τd) sin(2pift + ξ0) + P2(t), where
∆θ0, f , ξ0, τd are the oscillation amplitude, frequency,
initial phase, and decay time, respectively. The second-
order polynomial function P2(t) accounts for a slowly
varying background of nonmagnetic nature.
The field dependence of the frequency f [Fig. 3 (a)]
resembles that of a magnetization precession in a field
applied perpendicularly to the easy axis. Therefore, the
signal at x = 0 can be confidently ascribed to the laser-
induced precession of magnetization in the a1 domain.
The periodicity and the width of the areas in which laser-
induced precession is detected (at x = 0, 25µm) and not
detected (at x = 15, 40µm) correspond to the length
scale of the magnetic domain pattern in the sample. The
field dependence of the change in the out-of-plane mag-
netization component ∆M0z /MS = ∆θ
0/θPS is shown in
Fig. 3 (c).
If the external field Hext is applied at an angle
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FIG. 3. (Color online) Experimental magnetic field dependen-
cies of the precession frequency f (a, b) and the normalized
amplitude ∆M0z /MS (c, d) in the a1 (red symbols) and a2
(blue symbols) domains at (a, c) ϕ = −1° , (b, d) ϕ = −45°
(open squares), and ϕ = 45° (triangles). Solid and dashed
lines are the calculated dependencies for the a1 domain for
∆MS/MS = 10% and ∆MS/MS = 5%, respectively.
ϕ =−45°, i.e., if it makes an angle of ±45° to the easy
axes of the a1 and a2 domains, a laser-induced preces-
sion is observed in both stripe domains in a wider field
range. Fig. 2 (c) shows ∆θ(∆t) measured in the a1 (red
dots) and the a2 (blue dots) domains at Hext = ±65 mT.
As one can see, upon the transition from the a1 to the
a2 domain the initial phase ξ0 of the magnetization pre-
cession changes by 180°. The change of the magnetic
field sign, in turn, does not affect the character of the
excited precession. The dependence of the precession
frequency on field strength [Fig. 3 (b)] is typical for a
geometry wherein the field is applied at 45° with respect
to the uniaxial magnetic anisotropy axis and, bacause of
symmetry, is the same for both domains. The preces-
sion amplitude shows small variations with applied field
strength and is somewhat higher in the wider a1 domain
[inset Fig. 3 (d)]. When the external field is applied at
ϕ = 45°, a laser-induced precession is detected in the a1
domains only [Fig. 2 (d)]. The field dependencies of the
precession frequency and amplitude are similar to those
found in the a1 domains at ϕ = −45° [Fig. 3 (b,d)].
The magnetization precession in the individual do-
mains excited at ϕ = 0,−45° agrees with the general
scenario of laser-induced changes of magnetic anisotropy
[36, 37]. As discussed in detail in e.g. [38, 39], a fast
change of the effective anisotropy field produces a magne-
tization precession. The efficiency of excitation is highly
sensitive to the alignment of equilibrium magnetization
with respect to the easy anisotropy axis. In our exper-
iments, the magnetization precession in a particular do-
main is not excited when the external field is aligned
along the easy anisotropy axis of the domain [Fig.2 (a)].
When the field is aligned perpendicularly to the easy
anisotropy axis of the domain, the precession is excited
only if the field strength is below the anisotropy field.
The latter is easily identified in our experiments as the
field at which the frequency of the precession is mini-
mal [Fig. 3 (a)]. Finally, when the magnetic field is at an
intermediate angle to the easy anisotropy axis, e.g. at
±45°, the magnetization precession is excited in a wider
field range [Fig.3].
Below we use a macrospin model to analyse the process
of excitation and the following decay of the magnetization
precession in order to identify the underlying excitation
mechanism. In the analysis we mostly focus on the a1
domain and neglect effects on the laser-induced dynam-
ics imposed by dipolar coupling to neighboring domains.
This is justified by the experimental results showing that
the frequencies of the excited precession in a1 and a2
domains at ϕ = ±45° are equal. The difference in the
precession amplitudes detected in the a1 and a2 domains
at ϕ = −45° [Figs. 2 (c) and 3 (d)] could originate from
the fact that the width of the a2 domain is somewhat
smaller than the probe spot size. As a result, the probe
measures the magnetization dynamics of the a2 domain
and a part of the neighbouring a1 domains, where the
precession phase ξ0 is opposite. This reduces the over-
all detected transient Kerr rotation. The effect is even
more pronounced at ϕ = 45°, where no precession signal
from the a2 domain is detected. In this case, the field is
applied along the stripe domains, which initializes head-
to-head and tail-to-tail domain walls having a width of
about 1.5 µm [27]. As it is comparable to the width of the
a2 domain, the magnetization in the narrow a2 domain is
non-uniform, which suppresses the measurement signal.
For the wider a1 domains or field orientations that initial-
ize narrow head-to-tail domain walls, a similar reduction
of the precession signal does not occur.
IV. DISCUSSION
A. Magnetic anisotropy of the CoFeB/BaTiO3
heterostructure
In contrast to metallic films with a pronounced mag-
netocrystalline anisotropy considered in [36, 37] and fol-
lowing works, the magnetic anisotropy of amorphous
CoFeB film is fully dominated by an uniaxial magne-
toelastic anisotropy. Hence the magnetization-dependent
part of the free energy density F in an individual domain
contains only the Zeeman, magnetoelastic, and shape
anisotropy terms and can be approximated by the re-
lation [40]:
F = −µ0MS ·Hext +B1
(
uxxm
2
x + uyym
2
y
)
+
[
1
2
µ0M
2
S −
c12
c11
B1(uxx + uyy)
]
m2z, (1)
5where mi = Mi/MS , uxx, uyy are the substrate-induced
in-plane strains in the CoFeB film, B1 = −1.5λ(c11−c12)
is the magnetoelastic coupling parameter, and c11 =
2.8 · 1011 N/m2, c12 = 1.4 · 1011 N/m2 are the elas-
tic stiffnesses of CoFeB at constant magnetization MS
taken to be those of Fe60Co40 [41]. The misfit strains
uxx and uyy are expected to be fully relaxed at the
growth temperature Tg = 573 K, which is well above the
Curie temperature TC = 393 K of BaTiO3. On cool-
ing from Tg, nonzero strains appear in the film owing
to the difference in the thermal expansion coefficients
of the paraelectric BaTiO3 α0 = 10 · 106 K−1 [42] and
CoFeB αb = 12 · 106 K−1 [43]. Taking into account that
spontaneous strains appear in BaTiO3 below TC , we ob-
tain uxx(T ) = a(T )a0(Tg)
−1[1 + αb(T − Tg)]−1 − 1 and
uyy(T ) = c(T )a0(Tg)
−1[1 + αb(T − Tg)]−1 − 1 for the a1
domain, and vice versa for the a2 one. Here c, a, and a0
are the lattice constants of the tetragonal FE and cubic
paraelectric phase of BaTiO3, respectively. We obtain
uxx ≈ −9.4 · 10−3 and uyy ≈ +7.9 · 10−3 for the a1 do-
main at RT by taking c = 0.4035 nm, a = 0.3966 nm [44],
and a0(Tg) = 0.4017 nm [45].
Additional in-plane anisotropy originating from the
stripe shape of the domains has been shown to be negli-
gible [12] and is not included in Eq. (1). The orientation
of magnetization in the a1 domain is defined by the to-
tal effective field, which is a sum of the external field
Hext, the effective magnetoelastic anisotropy field HME
and the out-of-plane effective field Hout:
Heff = − ∂F
µ0∂M
= Hext +HME +Hout
= Hext − 2B1
µ0MS
(uxxmx + uyymy)
+
[
−MS + 2B1
µ0MS
(uxx + uyy)
c11
c12
]
mz, (2)
where mi = miei with ei being unit vectors directed
along the coordinate axes.
B. Laser-induced change of magnetoelastic
anisotropy
The light penetration depth in the CoFeB layer is be-
low 20 nm at the pump wavelength of 515 nm, and, there-
fore, we argue that the anisotropy changes are caused
by laser-induced processes in the FM film but not by
changes in the FE substrate. Excitation of the metal-
lic CoFeB film by a femtosecond laser pulse results in
a rapid increase of the temperatures of electronic and
ionic systems, which equilibrate after several picosec-
onds. This yields, first of all, ultrafast demagnetization,
i.e., a subpicosecond decrease ∆MS of the saturation
magnetization [46] followed by partial restoration upon
equilibration between the ionic and electronic temper-
atures [47]. Ultrafast demagnetization ∆MS would in-
crease the magnetoelastic anisotropy field HME ∝ M−1S .
However, a rapid rise of the film temperature follow-
ing excitation by a laser pulse should also lead to a
decrease ∆B1 of the temperature-dependent magnetoe-
lastic coupling parameter B1. In contrast to ultrafast
demagnetization, this would reduce the effective magne-
toelastic field HME ∝ B1. Finally, laser-induced heat-
ing ∆T modifies the substrate-induced film strains uxx
and uyy via the term αb∆T accounting for the thermal
expansion of CoFeB, while the substrate temperature
does not change significantly in our case. The resulting
variations ∆uxx and ∆uyy could alter the in-plane field
HME ∝ (uxxmx + uyymy) additionally. As can be seen
from Eq. 2, the changes ∆MS , ∆B1 and ∆uxx(yy) affect
the out-of-plane anisotropy field Hout and launch preces-
sion if Hout is nonzero in the initial state [48], which is
not the case in our experiments.
In order to verify whether laser-induced changes of
the in-plane magnetoelastic anisotropy can indeed ac-
count for the observed magnetization precession and to
reveal which of the three contributions dominates, we
performed numerical calculations. The amplitude of the
excited precession is defined by the maximal azimuthal
angle ∆ψeff by which the total effective field Heff reori-
ents as a result of laser-induced changes ∆MS , ∆B1, and
∆uxx(yy) [see inset in Fig. 4 (b, e)]. In the experiments,
out-of-plane oscillations of magnetization are detected,
and their amplitude can be found as ∆M0z /MS = ς∆ψeff ,
where ς is the precession ellipticity [49]. The precession
frequency is governed by the external magnetic field, par-
tially quenched magnetization, and modified magnetoe-
lastic anisotropy within the laser excitation area. At the
timescale of the precession ∼1 ns, the temperature within
the excited spot, degree of the magnetization quenching
and the magnetic anisotropy may vary. However, if the
changes in magnetic parameters of a medium are small,
the Smit-Suhl formulae [50, 51] can be used to calculate
the precession frequency in a first-order approximation.
The degree of demagnetization was obtained experi-
mentally. Figure 2 (b) shows the dynamics of ultrafast
demagnetization ∆MS(∆t)/MS measured at the pump
fluence F = 10 mJ·cm−2. ∆MS/MS reaches 10 % within
2 ps after excitation. This is followed by slow restoration
of magnetization. After 1 ns, the residual demagnetiza-
tion is -5 %.
Since a quasi-equilibrium between the electronic, ionic
and spin systems establishes after several picoseconds fol-
lowing excitation, we assume that at ∆t > 2 ps the laser-
induced change of the magnetoelastic parameter B1 re-
lates to the demagnetization via the thermodynamic re-
lation B1(T )/B1(T = 0) = [MS(T )/MS(T = 0)]
n(n+1)/2
[52]. For the uniaxial magnetoelastic anisotropy of the
individual domains, we use n = 2 according to its single-
ion origin [53, 54] and experimental data for Fe-Co-based
amorphous alloys [55, 56]. Then the laser-induced change
of the magnetoelastic parameter are related to the de-
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FIG. 4. (Color online) Calculated field dependencies of (a,b)
the equilibrium effective field Heff orientation change ∆ψeff
in the a1 (a, c) and a2 (d) domains due to laser-induced de-
magnetization ∆MS (orange dashed line), the change of mag-
netoelastic parameter ∆B1 (green dashed line), and the total
laser-induced effect resulting from ∆MS , ∆B1, and ∆uxx(yy)
(solid black line). (b,e) Calculated field dependence of the the
equilibrium effective field Heff orientation ∆ψeff (solid black
line) and maximum magnetization deviation from x axis in
the a1 domain ψeff − 2∆ψeff (dotted brown line). The exter-
nal field Hext is applied (a, b) at ϕ = −1° and (c, d, e) at
ϕ = −45°.
magnetization degree as
∆B1(∆t)
B1
≈ 3∆MS(∆t)
MS
+ 3
(
∆MS(∆t)
MS
)2
. (3)
The ratio ∆B1/B1 at a few picoseconds after excitation
is estimated to be −27% for ∆MS/MS = −10 %. We
note that the change of the magnetoelastic parameter is
a nearly linear function of the degree of the demagneti-
zation when the latter is within 0-15 %.
Estimation of the laser-induced strain change was done
based on the laser-induced increase of the ionic temper-
ature ∆T ≈300 K (see App. B for details of temperature
estimation). The strains in the a1(a2) domain change by
∆uxx/uxx ≈38 % (-31 %) and ∆uyy/uyy ≈-31 % (38 %).
Figures 3 and 4 summarize the results of the calcula-
tions for the a1 and a2 domains for the external magnetic
field applied at ϕ = −1° and ϕ = −45° to the x axis. A
misalignment ϕ = −1° was introduced to achieve bet-
ter agreement between the measured and calculated field
dependencies of the precession frequency, and is within
the precision of field alignment in the experiments. An
equilibrium RT magnetization MS = 0.9 · 106 A/m and
magnetoelastic parameter B1 = −14.2 ·105 mJ/cm3 were
used to obtain good agreement between the calculated
and experimental field dependencies of the precession fre-
quency [Fig. 3 (a, b)]. The magnetoelastic anisotropy en-
ergy associated with the 90° in-plane magnetization ro-
tation B1(uyy−uxx) = −2.44 ·104 mJ/cm3 and the mag-
netostriction coefficient λ = 9 · 10−6 agree with previous
works considering similar systems [25, 57].
Figures 4(a, c, d) show the calculated field dependence
of the change of the equilibrium angle ψeff between Heff
and the x axis under laser excitation. Four scenarios are
modeled, taking into account ultrafast demagnetization
∆Ms only (orange dashed line), the decrease of the mag-
netoelastic parameter ∆B1 only (green dashed line), the
change of strains ∆uxx and ∆uyy only (not shown), and
the combination of all three (solid black line). As ex-
pected, ∆MS and ∆B1 result in opposite signs of ∆ψeff .
The effect of ∆uxx and ∆uyy appears to be >20 times
smaller than the one of ∆MS and ∆B1, in agreement
with previous studies [58]. Indeed, the thermal expan-
sion reduces the tensile in-plane strain and increases the
compressive one, thus affecting the magnetoelastic en-
ergy weakly. If all effects are combined, the laser-induced
decrease of the magnetoelastic parameter ∆B1 dominates
the magnetization response. The reorientation of the to-
tal effective field is therefore dictated by a decrease of the
in-plane magnetoelastic anisotropy field HME.
In our model, the precession of magnetization is ex-
cited, i.e. ∆ψeff 6= 0, in the whole studied field range in
both domains at ϕ = −45° and only at low fields in the
a1 domain at ϕ = −1° [Figs. 4 (a, c)]. The maximum
absolute value of ∆ψeff is close to 20° if ϕ = −1°, while
it is several times smaller at ϕ = −45°. Taking into ac-
count the strong ellipticity ς of the excited precession,
which depends on the applied field strength and orienta-
tion, we obtain the field dependencies of the precession
amplitudes ∆M0z /MS shown in Fig. 3 (c, d) by solid lines.
In Fig. 3 (c, d) one sees that our model captures the
general trend in the experimental field dependence of the
precession amplitude. At ϕ = −45°, there is a reasonable
agreement between experiment and model. At ϕ = −1°
both the experiment and the model show a pronounced
maximum of the precession amplitude at low field and ab-
sence of the detectable precession at higher fields. How-
ever, at ϕ = −1° there are two discrepancies between the
experimental and calculated amplitudes. The first one
is quantitative, since the calculated amplitudes are larger
then those obtained experimentally. Partly, this is re-
lated to the uncertainty in the static polar Kerr rotation
(see Sec. II and App. A). This discrepancy can be com-
pensated also by using a value of n smaller than 2 in the
relation ∆B1/B1 = (∆MS/MS)
n(n+1)/2, which is often
the case in real uniaxial materials.
More important is the qualitative difference between
the experimental and calculated curves in Fig. 3 (c). In
our experiment the precession amplitude is maximum at
30 mT, and no precession could be detected above a crit-
ical value of 50 mT. The model, in contrast, predicts
that the maximum precession amplitude should be ob-
served near the critical field ∼ 50 mT. Such behaviour
of the excited precession amplitude has been indeed seen
in previous experiments on laser-induced precession in a
hard-axis configuration [58]. Note that varying the pa-
7rameter n(n+ 1)/2 in the model does not change the
characteristic field at which the maximum amplitude is
observed. Indeed, the considered excitation mechanism
is nonresonant, and the maximum amplitude of the ex-
cited precession is achieved near a critical field where
the magnetic system is most susceptible to any pertur-
bation. Achieving the maximum precession amplitude at
a different field, and, correspondingly, at a different fre-
quency, would require, for instance, resonant driving of
the magnetic system at that frequency [59]. Neither the
thicknesses of the Au and CoFeB layers, nor the period-
icity of the domain pattern match this scenario. Below
we argue that this qualitative difference is, in fact, an
indication of laser-induced magnetization switching.
C. Magnetization dynamics triggered by the
change of magnetoelastic anisotropy
Excitation of the magnetization precession by laser
pulses is one of the possible pathways for the magne-
tization switching [60–62]. In particular, it has been
shown that ultrafast laser-driven decrease of magnetic
anisotropy accompanied by the large-amplitude highly-
damped precession enables magnetization switching in
an applied magnetic field [62]. If the deviation ∆ψeff
of the effective field from its equilibrium direction to-
wards applied magnetic field is large enough, and the in-
plane magnetization component passes the applied field
direction after one half of the period, the switching is
initiated. For such switching to be complete, the preces-
sion damping should be anomalously large to prevent the
magnetization from returning to its initial orientation via
further precessional motion [62]. Also, the restoration of
the anisotropy should proceed at the timescale compara-
ble with the precession frequency. Once such switching
occurs, the stroboscopic pump-probe technique fails to
correctly measure the excited precession amplitude, since
this technique requires the sample being in the very same
initial state before excitation with each pump pulse.
The abrupt drop of the pump-probe signal detected at
ϕ = −1° when the applied field reaches the critical value
[Fig. 3 (c)] may indicate that the excited precession am-
plitude is sufficiently large for precessional magnetization
switching to be initiated. In Fig. 4 we illustrate this by
plotting the maximum in-plane deviation of the magneti-
zation from the x axis when (b) ϕ =−1° and (e) ϕ =−45°.
Such a deviation is found as ψeff − 2∆ψeff (see inset in
Fig. 4 (b, e)). Above Hext ≈ 40 mT the first condition for
the magnetization switching is satisfied for ϕ =−1° [see
the grey area in Fig. 3 (c)]. At ϕ =−45° this deviation is
large at any external magnetic field and no switching is
expected.
In order to analyze if such reorientation of the effective
field can result in switching of magnetization, we simu-
lated the trajectory of the magnetization motion in re-
sponse to the abrupt decrease and following restoration of
MS and B1. The simulations were performed by solving
the Landau-Lifshitz-Gilbert equation for a macrospin.
External field is applied along the hard magnetization
(a)
(c)
(b)
(d)
x
y
z
FIG. 5. (Color online) Modeling of the laser-induced mag-
netization precession when the magnetic field Hext is applied
along the hard (x) axis. (a,b) Evolution of the magnetiza-
tion MS and magnetoelastic parameter B1 used in the mod-
eling, with relaxation (a) similar to that observed in the ex-
periment [Fig. 2 (b)] and (b) slower one. (c,d) Dynamics of
Mx,y,z components of magnetization at (c) Hext = 30 mT and
(d) Hext = 50 mT. Results are obtained by using the faster
(red lines) and slower (blue lines) evolution of the MS and
B1 shown in the panels (a) and (b), respectively. Solid grey
lines indicate the equilibrium orientation of the magnetiza-
tion. Red and blue dashed lines indicate the switched state
and metastable state (M‖Hext), respectively.
axis (x−axis). The time-dependent effective field enter-
ing the Landau-Lifshitz-Gilbert equation is calculated us-
ing Eq. (2) and taking into account the relaxation of the
laser-induced demagnetization found in our experiments
[see Fig. 2 (b) and Fig. 5 (a)]. The temporal evolution of
∆B1 is found accordingly using Eq. (3). Also, slower re-
laxation of MS and B1 towards equilibrium is considered,
as shown in Fig. 5 (b). The Gilbert damping parameter
α = 0.02 is chosen to match the precession decay ob-
served far from the critical field.
In Fig. 5 we show the simulated magnetization trajec-
tories represented by evolution of the x−, y−, z− compo-
nents of magnetization at Hext = 30 and 50 mT. As one
can see in Fig. 5 (c), at Hext = 30 mT laser excitation re-
sults in decaying magnetization precession. Changing the
details of the relaxation of MS and B1 towards equilib-
rium has only little effect on the excited dynamics [com-
pare red and blue curves in Fig. 5(c)]. At Hext = 50 mT
[Fig. 5 (d)] the amplitude of the excited precession is large
enough and the condition for the initiation of preces-
sional switching is fulfilled. The subsequent dynamics
8is strongly dependent on the relaxation of the total effec-
tive field towards its equilibrium, and we get either pre-
cessional switching [red lines in Fig. 5(d)] or the temporal
trapping of magnetization at metastable local states. The
subsequent cooling down of the system results in either a
return of the magnetization to its initial orientation, or
magnetic switching to another stable direction [blue lines
in Fig. 5(d)]. This leads to a situation where only part of
the excitation events result in switching.
Importantly, once the magnetization has switched from
one equilibrium orientation to another, the next pump
pulse would again excite the precession and switching.
However, the Mz component would oscillate with a
pi−shift in phase as compared to the oscillations excited
by the preceeding pump pulse. Our pump-probe experi-
ments are stroboscopic and average the dynamics of Mz
which is repetitively driven by ∼104 pump pulses. There-
fore, the described switching is seen as a reduction of the
detected signal amplitude. At 50% switching events no
oscillatory signal would be detected. Furthermore, the
Gaussian spatial profile of the pump pulse causes switch-
ing in the center of the spot at lower average fluence, as
compared to the outer part. This, in particular, should
result in concentric ring-like structures with switched and
non-switched areas, which is a characteristic feature of
the precessional switching driven by spatially inhomo-
geneous stimuli [62–64]. Detection of such switching re-
quires single-shot pump-probe imaging [34], for which the
strength of the magneto-optical signal in CoFeB/BaTiO3
is insufficient. Nevertheless, we argue that the notice-
able decrease of the detected amplitude of the preces-
sion at the applied fields exceeding 30 mT seen in our
experiments is a manifestation of precessional switching
of magnetization triggered by an ultrafast decrease of the
magnetoelastic parameter.
V. CONCLUSIONS
In conclusion, we have shown that the magnetoelas-
tic coupling in a metallic CoFeB film can be significantly
reduced on a picosecond timescale by excitation with a
femtosecond laser pulse. This effect is explained by a sim-
ple model, which accounts for a laser-induced increase of
electronic and ionic temperatures and relates the induced
changes of the magnetoelastic parameter and magneti-
zation via a n(n + 1)/2-law. This law appears to hold
for laser-induced processes in metals at timescales be-
yond several picoseconds following excitation, which is
required for establishing a quasi-equilibrium between the
electronic, ionic and spin subsystems. The demonstrated
ability to decrease the magnetoelastic parameter by laser
pulses enables the driving of magnetization dynamics
in metallic films wherein the magnetoelastic anisotropy
dominates. We employed this mechanism to experimen-
tally realize selective excitation of magnetization preces-
sion in individual micron-size magnetic stripe domains
imprinted in a CoFeB film by a ferroelectric BaTiO3 sub-
strate. We found that the excitation of precession in an
individual CoFeB domain is controlled by the strength
and the orientation of the applied magnetic field with re-
spect to the local uniaxial anisotropy axis. This allows,
in particular, distinguishing magnetization precessions in
separate domains even when they are unresolvable in
static measurements due to large applied magnetic field.
Further, we show that the change of the magnetoelastic
anisotropy even triggers the precessional switching of the
magnetization in a selected domain, which manifests it-
self in the pump-probe experiments as a suppression of
the detected precession. Precessional switching is real-
ized near a critical eld of 50 mT applied along the hard
magnetization axis of the domain.
Our results therefore show that structures consist-
ing of CoFeB on ferroelectric or piezoelectric substrates
are prospective candidates for optically-driven preces-
sional switching via anomalously-damped precession [62]
under application-relevant conditions. Indeed, specic
anisotropy and damping required for the switching may
be tailored in such heterostructures at both the growth
stage and afterwards. Namely, ferroelectric or piezo-
electric substrate enables controlling the orientation and
strength of magnetic anisotropy by external voltage,
while the damping in CoFeB may be tuned by various
means, such as annealing and composition [65, 66].
The possibility to alter the magnetoelastic parameter
by laser pulses can be exploited further in both FM-
FE composites and in heterostructures formed by FM
and piezoelectric constituents. A decrease of B1 reduces
the strain-mediated magnetoelectric coupling in multifer-
roic and magnetoelectric heterostructures, which could
enable laser-assisted magnetization switching by applied
electric field with submicrometer spatial resolution [17],
in an analogy to the heat-assisted magnetic recording.
Moreover, in strained lms a spin reorientation transition
can occur due to an extra contribution to the out-of-plane
anisotropy [Eq. 1] controlled by the magnetoelastic pa-
rameter [40]. Hence, laser excitation may be used to trig-
ger such a transition at picosecond timescale via changes
of B1 and lm strains. Finally, laser-induced changes of
magnetoelastic anisotropy may be employed for driving
spin waves [67] in switchable magnonic waveguides based
on CoFeB/BaTiO3 [25, 27, 68, 69].
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Appendix A: Static polar and longitudinal MOKE
in CoFeB/BaTiO3
In experiment we have measured static longitudinal
Kerr rotation θLS and ellipticity 
L
S for the in-plane satu-
rated sample. Using the general formulae for the longi-
tudinal Kerr effect [70] we find the magneto-optical pa-
rameter Q as:
Q = (i · θLS + LS)/AL, (A1)
where
AL =
η2 sin ζ(sin ζ tan ζ −
√
η2 − sin2 ζ)
(η2 − 1)(η2 − tan2 ζ)
√
η2 − sin2 ζ
.
ζ = 45° is the angle of incidence used in the longitudinal
MOKE experiment. η = n2/n1, n1 and n2 are refractive
indices of gold and CoFeB at the probe wavelength of
1030 nm, respectively.
Knowing Q one can calculate the polar Kerr rotation
θPS corresponding to the fully saturated out of plane film
as:
θPS = Im{QAP }, (A2)
where
AP =
η2(sin ζ tan ζ +
√
η2 − sin2 ζ)
(η2 − 1)(η2 − tan2 ζ) .
Here ζ = 17° is the angle of incidence used in the main
experiments. Coefficients AL and AP are written for p-
polarization.
We are not aware of the data on refractive index for
Co40Fe40B20 at 1030 nm. In [71] the refractive index
n2 = 4 + i4.7 for the Co20Fe60B20 films at 1030 nm has
been reported. Comparison of the spectra of complex
refractive indices of as-deposited Co20Fe60B20 [71] and
Co60Fe20B20 [72] for the 400-800 nm wavelengths sug-
gests that the optical properties of the alloy do not vary
strongly within this composition range. However, opti-
cal properties of CoFeB films depend on the crystallinity
of the film [72]. Furthermore, the optical parameters of
thin gold layers are dependent on substrates, thickness
etc. [73].
Using n2 = 4 + i4.7 for CoFeB and n1 = 1.5 + i5.3
reported for an 11 nm thick gold film [73], we get an esti-
mate for the polar Kerr rotation θPS ≈ 15 mdeg. Taking
different optical parameters of CoFeB and Au may in-
crease or decrease estimated θPS .
Appendix B: Laser-induced heating of CoFeB layer
For the estimation of ultrafast laser-induced heating
of the CoFeB layer in Au/CoFeB/BaTiO3 we used the
following parameters. The complex refractive index of
the capping gold layer is n1 = 0.51 + i2.02 at the pump
wavelength 515 nm [73]. This gives intensity reflection
coefficient R1 = 0.68 at the interface air/Au. Absorption
coefficient of the gold film is α1 = 4.28·105 cm−1. The
complex refractive index of the CoFeB is n2 = 2.5+ i3.25
at 515 nm [71, 72] which gives the intensity reflection co-
efficient at the Au/CoFeB interface R2 = 0.148. Absorp-
tion coefficient of CoFeB α2 = 7.93·105 cm−1.
The temperature increase for the CoFeB layer is found
as:
∆T = (1−R1)e−α1d(1−R2)α2(1− e−1) J
Cρ
, (B1)
where C = 440 J kg−1K−1 is heat capacity [74] and
ρ = 7.7·103 kg m−3 is density of CoFeB [75], d is thickness
of Au layer. The factor α2(1 − e−1)J gives the volume
energy density in the case of the film thickness exceeding
the light penetration depth [76]. For the incident flu-
ence of J = 10 mJ/cm2 one gets laser-induced heating of
∆T ∼300 K. Accounting for the additional scattering of
light which takes place at the Au/CoFeB interface may
reduce the amount of energy deposited in CoFeB and the
corresponding heating.
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